Improper agricultural activities seriously affect water quality. It is very important to control agricultural nonpoint source pollution along the Chi-Jia-Wang Stream to protect the habitat of land-locked salmon (Oncorhynchus masou formosanus), one of the endangered species in Taiwan. Riparian vegetative buffer strips are used to intercept wastewater, surface runoff and groundwater¯ow to reduce pesticide, nutrient and other organic pollutants before they enter the stream. This study estimates the suitable width for vegetated buffer strips in the riparian zone along the stream using a geographic information system and an index model. The groundwater in the study area is easily contaminated by pollutants due to the high hydraulic conductivity in the riparian zone of the Chi-Jia-Wang Stream. After comparing simulations on selected 46 kinds of selected pesticides, the maximum safety depth of Fenarimol was estimated. A wider Fenarimol vegetated strip is needed as a buffer zone to ensure pollution control effectiveness. Simulation results can provide a preliminary evaluation for the soil or groundwater pollution caused by pesticides, but the actual in¯uences require onsite data veri®cation.
Introduction
Vegetated buffer strips have functions such as pollutant adsorption, riverbank stabilization, and microclimate improvement. Riparian vegetation can effectively solve the problem of nonpoint source pollution from agricultural slope lands. Appropriate streamside vegetation and restriction of land cultivation will control nonpoint source pollution, enhance water resource utilization and help conservation. Currently, only the Fei-Tsui Dam and Te-Chi Dam have vegetated buffer strips to protect reservoirs in Taiwan. To prevent stream water pollution from agricultural nonpoint sources, it is necessary to set up standards for placing riparian vegetated buffer strips.
Nonpoint source pollutants such as sediments, pesticides and organic residues from slope land agriculture have been proven to be the major reasons for water quality degradation. There has been much research on this topic. Doyle et al. (1974) studied the effectiveness of forest buffer strips in improving the water quality from runoff contaminated with cattle manure. Magette et al. (1986) assessed the value of grass ®lter strips for reducing pollution from arti®cial fertilizers. More research on pesticides versus the width of vegetated buffer 0301±4797/02/$ ± see front matter # 2002 Elsevier Science Ltd. All rights reserved.
strips is required.
The Li-Shan area and Wu-Lin Farm agricultural development projects encouraged the sloped land development along the tributary streamsides of the Da-Jia Stream. Considerable amount of orchard and vegetable cultivation have destroyed the landlocked salmon's habitat. The amounts and types of pesticides and fertilizers used are increasing as the amount of cultivation increases. Because of the intensive rainfall during the rainy season and intensive irrigation during the draught season, pollutants are transported faster than normal in the soil layers. The relationship between the Chi-Jia-Wang Stream water quality and seepage from the vegetable farms requires further study.
The area for this research was the Wu-Lin Farm located next to the Chi-Jia-Wang Stream (Figure 1 ). The topographic factors and transport simulations of pesticides in the soil moisture were analyzed to determine the appropriate width for riparian buffer strips. To reduce the impact on the water quality from slope land agricultural development, results were provided to managers and policymakers.
Material studied
Vegetated buffers research is a priority in cooperation between the Taiwan Commission of Agriculture and the US Department of Agriculture. Vegetated buffer strips are natural or arti®cial vegetation located between potential pollution sources and surface water bodies. The purposes for these buffer strips are to reduce runoff and the accumulation of sediment, organic matter and pesticides. Some of the domestic and foreign researches on vegetated buffers are stated as follows. Din and Chen (1979, 1981) indicated that a 10 m buffer strip would be enough for short-term effectiveness in reducing insoluble pesticide accumulation (such as chlordimeform). The buffer strips for soluble pesticides should be widened to 30 m. Sometimes 60 m is needed to get better results. Based on the Leou-Ke Experimental Station report (Sha et al., 1990) , for forestlands in Southern Taiwan (similar to the experimental area) the buffer strip width and slope can be calculated using: F 10 0Á03 s 2 where F buffer strip width and s slope.
Several scholars in the US indicated that a vegetated buffer strip is one of the most effective management strategies, especially for nonpoint source pollution control practices (Bar®eld et al., 1979; Magette et al., 1989; Smith, 1989) . Thompson et al. (1978) indicated that a 12 m buffer grass strip would reduce the total nitrogen and total phosphorus by 45% and 55% in runoff from irrigation or natural rainfall. Dillaha et al. (1989) carried out studies on small-scale plots. Their experiments showed similar results.
Several models can be used to simulate the ®eld scale effectiveness of vegetated buffer strips. Flanagan et al. (1986 Flanagan et al. ( , 1989 ) used the CREAMS model to explain the effectiveness of erosion control on surface runoff using vegetated buffer strips. Lee et al. (1989) developed a mathematical model named GRAPH to analyze the runoff and phosphorus transport using grass buffer strips in single storm. Hayes and Dillaha (1992) proposed the evaluation processes of grass buffer strips on sediment resistance using the WEPP and GRASSF models. Nikolaidis et al. (1993) utilized distributed modeling to predict the hydrology of nitrogenous fertilizers and the biogeochemical cycle in a riparian zone. Phillips (1989) developed a runoff detention-time model to predict the protection from nonpoint source pollution using a riparian vegetated buffer strip. Xiang (1993) combined a geographic information system and Phillips' runoff detention-time model to describe riparian buffers in an agricultural watershed.
Three stages involved in vegetated buffer research are: (1) plot observation and analysis, (2) mathematical evaluation model and (3) mathematical model combined with geographic information system technology.
The effectiveness of vegetated buffer strips is related signi®cantly to the vegetative species, width of the buffer strip and placement location. Former studies already showed signi®cant effectiveness on controlling nonpoint source pollution using vegetated buffer strips. Regional data cannot be used as a general principal for variable geographic factors such as different slopes or aspects. Geographic information system applications can deal with this kind of problem quickly, so the width and placement of the watershed vegetated buffer strips will dominate the study activity.
If the width of the vegetated buffer strip is not large enough, it will not attain the expected level of runoff water puri®cation. Conversely, if the width is wider than really needed, land will be wasted, and people will not develop enough interest to cooperate with the program. For the above reasons, it is important to set up a reasonable width range for implementing slope land conservation. The US Department of Agriculture recommends a 20±30 m vegetated buffer width in a tillage land conservation program. At least a 30 m protective riverine forest watershed width is recommended. Farmers always complain that inappropriate width will decrease the amount of productive land, but environmental scientists argue that the width in the current regulations is not great enough for desirable drainage water quality from a farming watershed (Puvis et al., 1989) . The buffer width recommended by the USDA is used as a reference, but the width on an equal basis evokes arguments in many countries like the US. In¯exible width will provoke disputes in expensive land value areas like Taiwan. It is necessary to establish a reasonable width for vegetated buffer strips in different cases.
Study area and methods

Study area
Wu-Lin Farm (Figure 1 ), altitude 1740±2100 m, area 7000 ha, average precipitation 2246 mm, annual mean temperature 15Á8 C, is located on the Chi-Jia-Wang Stream riverbank in Ho-Ping Hsiang, Taichung County, Taiwan. It is surrounded by giant woods and natural scenery. It is also one of the most popular summer resorts in Taiwan. Chung-Chin white peach, Fuji apple, summer vegetables, white crows, and land-locked salmon, the so-called Wu-Lin Five Treasures, are the most famous representatives in this area. High quality agricultural products such as apples, pears, peaches, plums, cabbage, and lettuce have a good reputation in Taiwan. For the beautiful scenery, the landscape of Wu-Lin area was awarded the best place in Li-Shan area. Chi-Jia-Wang stream meanders through the farmlands. The view is gorgeous.
Wu-Lin Farm is a major contributor of nonpoint pollution to the Chi-Jia-Wang Stream due to its agricultural activities. The climate data shows rain about 120 days a year, mainly concentrated from February to August. The rainfall types are convective precipitation as thunderstorms and orographic precipitation for topographic reasons. High relative humidity, from 80% to 90% in the wet season, can normally be observed as mist and clouds in the valley at twilight. The geological data ( Figure 2 ) from Taiwan's Central Geological Service shows that the rock formations occurring in the target area are the Da-Tong-Shan and Gan-Gou Paleocene strati®cations, chie¯y formed by slate, shale, gravel, rock and sandstone. The border area is distributed by Si-Leng sandstone. It consists dominantly of ®ne-grained calcareous sandstone, intercalated with dark gray shale and interlaminated sandstone and shale. Because it is located in the mountains, the soils contain a high percentage of sand and minor silt. The farmland soils in farmland are unstable due to continual disturbance by agricultural activities. The soil characteristics used in the simulation, shown in Figure 3 , were derived from Lin's studies in 1998.
The natural vegetation, trees such as Pinaceae (Pinus taiwanensis), Juglandaceae (Juglans cathayensis), Aceraceae (Acer serrulatum) and Betulaceae (Alnus formosana) contribute to the canopy in this riparian forest. Stachyuraceae (Stachyurua himalaicus) and Araliaceae (Fatsia polycarpa) form shrubs. The grasses are chie¯y composed of Caprifoliaceae (Sambucus formosana), Gramneae (Miscanthus¯oridulus) and Compositae (Bidens bipinnata). These plants intercept pesticides and fertilizers and also provide natural cover and protection for the stream habitats.
Methods
This research combined topographic analysis and pollutants transport simulations to assess the width of the riparian buffer strip. Figure 4 illustrates thē owchart for this study.
Simulation of pollutants transport
There are three kinds of chemical transport models commonly used in soil layers; the Pesticide Root Zone Model, Linear System Model and Index Model.
Compared with other models, the index model is easier because fewer parameters are needed. This research employed the index model to evaluate the safety depth, a depth needed for a speci®c pesticide to decrease the pollution from highest concentration to the background value.
The topographic factors are stated as shown in Figure 4 . The pollutant and soil characteristics as described in Figure 3 were used to run this index model. The index model calculation concepts are next described.
Transport
The pollutant movement in the soil can be considered as a steady state with one-dimensional vertical movement in a uniform unsaturated multi-porosity media. The soil moisture can therefore move downward under ideal conditions through the soil.
Convective¯ux
From equations (1) and (2), the convective quantity of solute (J C ) is given by equation (3).
Diffusion
According to Fick's Law, the diffuse rate (J D ) is positively related to concentration gradient (qC/qZ) as equation (4). Because the aqueous phase only occupies small parts of the soil volume and soil pores are tortuous in shape, the effective diffuse coef®-cient (D P ) will less than coef®cient of diffuse (D 0 ). The equation can be written as equation (5) can be written as D P (y). Diffuse equation (4) for an unsaturated soil liquid phase can be given by equation (6).
Solute¯ux
Combining equations (3) and (6), we can get a most widely used equation on pollutant transport model in one-dimensional unsaturated soil as equation (7). In fact, the diffusion and convective¯ow cannot be separated, equation (7) normally written as equation (8). The¯ux and concentration will vary according to time or spatial differences that can be written as equation (9). In a steady¯ow condition y, D(y, q), and v can be considered as constants, equation (10) can be derived from (8) and (9). Pollutants can exist as solid, aqueous or gaseous phase in soil, so the total concentration (C T ) in a soil volumetric unit can be written as equations (11), (12). Combining (11) and (12), we can get equation (13).
Adsorption
Most non-polarized pollutants in low concentration conditions, pesticide adsorbed amount and balanced solution concentration will have a linear relationship, it can be written as equation (14) vapor and aqueous phases, and thus are important for prediction of biogeochemical dynamics of pesticide chemicals subject to signi®cant volatilization (Anderson and Parker, 1990) . Substituting equations (14) and (16) into (13), we will have equations (17). Combining equations (17) and (18), it can be written as equation (19) . Retardation factor (R f ) is a dimensionless parameter !1Á0, it can be used as an index of pollutant's dynamics in soil (Maraqa et al., 1998; Chang and Wang, 1998) . The soil can retard more pollutants when the value is getting bigger. In those non-adsorptive (K d 0) and non-volatilizable (K H 0) pesticides, R f 1. Retardation factor (R f ) scales are represented in Table 1 .
Degradation
We assume pollutants ®t the ®rst-order degradation kinetics that will be equations (20) and (21).
Index model
Degradation and retardation are used in index model to simulate chemical transport in soil. There are two hypotheses in this model: (1) piston ow and (2) constant half-time of pollutants. According to these conditions, equation (22) is derived from (19) and (20). After equation (22) integrated, we will get equation (23). Rao et al. (1985) suggested attenuation factor (AF) used in monitoring pesticide sensitive soil and evaluation of groundwater should be in 0±1 range. Attenuation factor scales (Khan and Liang, 1989) are shown in Table 2 .
Average¯ow velocity
The average¯ow velocity was derived from the hydraulic conductivity. Lin (1998) indicated that the saturated hydraulic conductivity of the vegetable cultivation area in the Wu-Lin Farm decreases from top to bottom in soil pro®le as: ln (K) 8Á38± 0Á03D, where D soil depth (cm), K hydraulic conductivity (mm/hr). Although this equation only represents the vegetable cultivation area, we assumed that it was the normal condition to simplify the simulation program.
Pesticides data
Wong and Lee (1991) and Lin and Lu (1997) investigated orchards and vegetable ®elds of Te-Chi Dam's watershed. Data is collected, classi®ed, and compared to Glossary of Pesticide Chemicals (US Food and Drug Administration, 1999), ®nally represented in Table 3 .
Safety depth estimation
The safety depth calculation is based on the vertical distance needed for decreasing the highest (1) Four acute degrees on mammal toxicology by pesticides; (I) LD 50 smaller than 50 mg/kg weight, (II) LD 50 between 50 and 500 mg/kg weight, (III) LD 50 between 500 and 5000 mg/kg weight, (IV) LD 50 larger than 5000 mg/kg weight.
(2) Three ®sh toxicology categories on carps by pesticides; (A) LD 50 concentration larger than 10 ppm, (B) LD 50 concentration between 10 and 0Á5 ppm, (C) LD 50 concentration smaller than 0Á5 ppm. Table 3 . Continued concentration (C 0 , surface soil) to the background concentration (C, toward to 0). C/C 0 in equation (23) will be toward to 0 when the pesticide reaches a deep enough soil depth. From index model assumptions as formerly stated, pesticide movement and concentration were only simulated in soil moisture, the precipitation types were not considered, the vegetation conditions were considered as bare soil and the pesticides were considered as non-adsorptive and non-volatilizable (R f 1) chemicals. The safety depth calculated using these assumptions for the worst conditions should have the ability to prevent the impact of pesticides upon the water quality. The required safety depth calculation process for a speci®c pollutant to reach the background concentration is illustrated in Figure 3 . Safety depths of pesticides calculated by equation (23) are represented in Table 4 .
Results and discussion
Width of vegetated buffer strip
After the safety depth is obtained, the width of the vegetated buffer strip can be indicated using the concepts shown in Figure 5 . A computer program (WinGrid) was developed to calculate the safety depth and width of the riparian vegetated buffer strip. The calculated safety depth and a 40 m640 m digital terrain model from the Center for Space and Remote Sensing Research, National Central University, Taiwan were used in this computer software to generate the results. If the vertical elevation difference between the cultivation area and water surface is less than the safety depth, a vegetated buffer is suggested and a cultivation plan is prohibited. A vegetated buffer strip along Chi-Jia Wang Stream can protect the water quality from agricultural nonpoint source pollution. The calculated safety depth result shows that Fenarimol requires the highest value at 5Á19 m. If the width of the vegetated buffer strip is derived from the safety depth for Fenarimol as a minimum standard, it should be enough for any other pesticides.
Vegetated buffer strip placement
When the designed width is smaller than needed, the expected water puri®cation effect cannot be attained. Conversely, unreasonable width will cause farmers to be reluctant to cooperate. Establishment of reasonable and¯exible vegetated buffer strips according to the varying topography was dif®cult when the geographic information system was not well developed in the past. Recently, geographic information systems have become a popular science. These systems contain management, analysis, inquiry, display and spatial data functions. Geographic information system (ArcView) is used to display the layout and placement of the vegetated buffer strip.
After estimating the safety depth for Fenarimol (5Á19 m) using the topographic analysis and¯ood Ð insuf®cient data to simulation.
level, the layout of the riparian area is determined as illustrated in Figure 6 . Superposing the riparian area layout onto an aerial photo (Figure 7) , the actual and expected vegetated width can be veri®ed. 
Conclusions
An entire watershed area should be considered as a unit to evaluate total effects of a riparian vegetated buffer strip. A reasonable width was established based on a geographic information system and index model to protect against agricultural nonpoint source pollution. Fenarimol, a commonly used pesticide, requires a safety depth of 5Á19 m. This value was suggested as the minimum depth for similar areas. With different pesticide applications under different soil characteristics, the estimated depth will not have the same value. The riparian vegetated buffer width for each individual area should be studied case by case to ensure effectiveness. To prevent agricultural nonpoint source pollution in high cultivation areas, drainage ditches should be carefully designed. Retention tanks should be used to retain surface water and exuded before draining. Agricultural areas with potential pollution sources in the watershed should implement vegetative buffers, grass ditches and retention tanks. The spirit of sustainable agriculture requires pollution prevention upstream instead of treatment at downstream. The major purpose of the index model was simulating pollutant behaviors in soil to provide a basis for soil management and policy-making. These simulation results can provide preliminary evaluations for the soil or groundwater pollution caused by pesticides, but the actual in¯uences require onsite data veri®cation. Appendix (equations)
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